Neurons of the mammalian cerebral cortex comprise two broad classes: pyramidal neurons, which project to distant targets, and the inhibitory nonpyramidal cells, the cortical interneurons. Pyramidal neurons are generated in the germinal ventricular zone, which lines the lateral ventricles, and migrate along the processes of radial glial cells to their positions in the developing cortex in an inside-out sequence. The GABA-containing nonpyramidal cells originate for the most part in the ganglionic eminence, the primordium of the basal ganglia in the ventral telencephalon. These cells follow tangential migratory routes to enter the cortex and are in close association with the corticofugal axonal system. Once they enter the cortex, they move towards the ventricular zone, possibly to obtain positional information, before they migrate radially in the direction of the pial surface to take up their positions in the developing cortex. The mechanisms that guide interneurons throughout these long and complex migratory routes are currently under investigation.
Introduction
The cerebral cortex is by far the largest part of the brain of mammals containing about half of the total number of neurons. Microscopic examination of a coronal section through the cortex shows that the neuronal cell bodies are arranged in six layers. The layering is produced by variation in the types and density of cell bodies through the cortical depth. Each layer contains a complement of pyramidal, so-called for the shape of their somata, and nonpyramidal neurons. Pyramidal neurons, which make up approximately 75% of all neurons in the cortex, are the projection cells that send axons to other areas of the cortex and to distant parts of the brain. They utilize the excitatory amino acid glutamate as a neurotransmitter. Nonpyramidal cells are interneurons, that is, their connections are all made locally. There are many varieties of nonpyramidal neurons based on differences in size and shape of their dendrites and patterns of axonal branching. They all contain the inhibitory neurotransmitter GABA and also one or more neuropeptides and/or calcium-binding proteins (for a review, see Ref. 1) .
The cerebral cortex develops from the rostral dorsal part of the neural tube named the telencephalic pallium. The wall of the pallium is initially formed of neuroepithelial germinal cells whose continued proliferation causes the outward bulging of the pallial walls to form the cerebral vesicles. Neuroepithelial cells close to the ventricular lining of the neural tube, the so-called ventricular zone (VZ), are destined to give rise to neurons and some of the glial cells of the cortex. The radial alignment of the neuroepithelial cells imposes a radial pattern on the histogenesis of the pallium. The conventional scheme of cortical formation, de-picted in Figure 1 (2,3) , shows that early postmitotic neurons migrate away from the VZ towards the surface of the cerebral vesicles to form the primordial plexiform layer or preplate (PP). The later-generated neurons migrate to form a layer within the PP, the socalled cortical plate (CP), thus splitting it into a superficial marginal zone (MZ; layer I) and a deep subplate (SP). The neurons of the CP assemble into layers II-VI in an inside-out sequence, that is, the deepest cellular layers are assembled first and those closest to the surface last. Both the MZ and SP contain the earliest-generated neurons of the cerebral cortex. Those in layer I differentiate as CajalRetzius cells and other types of neurons that have not yet been fully characterized (4, 5) . The SP is separated from the VZ by the intermediate zone (IZ), a layer that will eventually contain the afferent and efferent axonal tracts of the cortex (future white matter). As the CP emerges, another layer of proliferating cells appears between the VZ and IZ, the so-called subventricular zone (SVZ). This germinal zone contains cells, produced in the VZ, that mainly give rise to glia (6) (7) (8) . The SVZ expands greatly in late gestation and in early postnatal life as the VZ disappears. According to this conventional scheme of cortical development, radial glial cells serve as a scaffold to support and direct the migration of young neurons from their origin in the VZ to their positions in the CP (9) . However, this view is now changing in the light of emerging evidence which shows that radial glia produce cortical neurons and glia, in addition to guiding migration (10-13).
Development of neuronal lineages
At what point do undifferentiated cells in the VZ commit themselves to become pyramidal or nonpyramidal neurons? Knowledge of the genealogical (lineage) relationships of cells in the cortex would facilitate our efforts to understand the mechanisms that underlie their developmental choices. The study of cell lineages in the cerebral cortex has become possible with the use of recombinant retroviruses (14, 15) . The advantage of this technique is that, by infecting single progenitor cells with a virus, a marker gene is introduced into them that can be inherited undiluted by all their progeny.
Earlier lineage studies, using predominantly the BAG retrovirus, observed singlelabeled cells or discrete clusters of two or more neurons in the cerebral cortex following the placement of intraventricular injec- tions at any day of gestation during cortical neurogenesis in rats and mice (16, 17) . The clones of two or more cells contained for the most part either neurons or glial cells, a finding that was confirmed in dissociated cell cultures (16, 18) . When neuronal clones were examined further by electron microscopy or immunohistochemistry, it was found that they were nearly all homogeneous, composed of all pyramidal or all nonpyramidal cells (19) (20) (21) . These early observations suggested that the VZ, the germinal layer of the embryonic cortex, might be viewed as a mosaic of progenitor cells each with a different restricted potential.
Further examination of clonally related neurons from brains injected with retrovirus at different stages of corticogenesis revealed remarkable differences in the number and laminar distribution of pyramidal and nonpyramidal neurons. Nonpyramidal cells appeared either as single cells or as clones of two neurons present in the same or in adjacent layers. Clones of pyramidal neurons were larger, and they were either dispersed in one layer or in several layers following earlier injections. Their size and laminar distribution was progressively reduced following later injections (20) . This finding suggested the existence of different mechanisms that generate the two main neuronal types of the cerebral cortex. Other lineage analyses have utilized libraries of retroviral vectors carrying a large number of DNA tags, each of which can be distinguished by the polymerase chain reaction (22) . These studies have shown that not all clonally related cells maintain the spatial relationship that they had before migration (23) , but it is noteworthy that those that do invariably show the same phenotype (24) .
The more recent use of a retroviral marker in combination with bromodeoxyuridine (BrdU) has shown that only pyramidal neurons maintain a close spatial relationship with their clonal relatives in the developing cortex, which can be achieved through radial migration (25) . In contrast, labeled nonpyramidal cells were found, in agreement with earlier lineage analyses, as isolated cells or pairs of clonally neurons. Their low content of BrdU indicated that these cells were part of larger clones, and suggested that their isolation was the result of non-radial (tangential) migration. These findings pose two alternative interpretations: either clonally related cells, instructed to develop a particular phenotype, are also endowed with the ability to use a specific migratory pathway, or cues encountered during radial and tangential migration are responsible for the pyramidal and nonpyramidal phenotypes. Experiments by Tan et al. (26) have provided evidence for the former possibility with regards to the generation and migration of pyramidal neurons. Using highly unbalanced mouse embryonic stem cell chimeras, these authors found that radially dispersed neurons contained glutamate, the marker of pyramidal neurons, whereas tangentially dispersed cells were predominantly GABAergic. Their study has also demonstrated that specification of the pyramidal lineage occurs at the level of the progenitor, before the onset of neurogenesis.
Our understanding of the origin and development of nonpyramidal cell lineages is only now becoming clear. The studies of Mione et al. (25) have suggested that nonpyramidal cells, scattered in the cortex as isolated neurons or pairs of clonally related cells, were part of larger clones. This raised the question of whether there exist in the cortical VZ progenitors committed to producing only nonpyramidal cells. The analysis of chimeric mice by Tan and colleagues (26) raised the same question, and the authors concluded that whether these neurons are generated from progenitors with single or mixed potential, they have the tendency to be diffusely scattered in the cortex. We suggest that the dispersed sibling cells described in the lineage studies of Walsh and Cepko (23) were indeed nonpyramidal types, as were the neurons found to migrate tangentially in the developing cortex after they were labeled with a fluorescent marker in the VZ (27) . The presence in the cortex of a relatively small number of nonpyramidal neurons compared with the often very large pyramidal clones suggests that there are other potential sources of nonpyramidal neurons.
Nonpyramidal neurons: origin and tangential migration
Sources of neurons destined for the cerebral cortex have been discovered in the ganglionic eminence, the primordium of the basal ganglia in the ventral telencephalon or subpallium. Porteus et al. (28) first reported that cells expressing Dlx2 appear to migrate from the ventral telencephalon to the neocortex. Subsequently, De Carlos et al. (29) and Tamamaki et al. (30) provided unequivocal evidence that cells in the lateral ganglionic eminence (LGE), the primordium of the striatum, migrate into the developing neocortex, and are distributed predominantly in the IZ. More recently, a number of tracing studies (31) (32) (33) have shown that the cells that migrate from the ventral telencephalon to the cortex are indeed GABAergic. Three different streams of neurons originating in the ventral telencephalon were observed to round the corticostriatal notch and follow tangentially oriented paths to enter the cortex. An early cohort (E12 in mouse; E14 in rat), originating in the medial ganglionic eminence (MGE), invades mainly the PP. These cells are tangentially oriented and show features typical of Cajal-Retzius cells (Figure 2A) . A second and more prominent cohort, composed also of MGE cells, has been observed to migrate predominantly through the IZ slightly later in development (E13-15 mouse; E15-17 rat) ( Figure 2B ). At the late stages of corticogenesis, cells originating in the LGE and MGE appear in the lower IZ and SVZ (34) . Genetic manipulations have provided further evidence for the origin of the cortical GABAergic interneurons in the subpallium. Thus, mice lacking transcription factors that regulate regionalization (Nkx2.1) or differentiation (Dlx1/2, Mash1) in the ventral telencephalon have significantly reduced numbers of GABAergic neurons in the cortex (31, 35, 36) . Specifically, Nkx2.1 mutants that lack a functional MGE show approximately a 50% reduction in GABA-containing neurons in the cortex, but the olfactory bulbs of these mutants contain nearly a normal number of GABAergic cells. Further, tracing studies in slice cultures of these mutants showed a significantly reduced migration of labeled cells in the cortex from the LGE or from the abnormal MGE. In contrast, the Dlx1/2 mutants that lack migration of cells out of the LGE and MGE in slice cultures, have about a 75% reduction of GABA cells in the cortex and virtually no GABAergic cells in the olfactory bulb. These observations suggest that the MGE is the main source of interneurons to the cerebral cortex, while the LGE provides some cells to the cortex and many to the olfactory bulb. This is supported by the finding that dissociated MGE cells injected into the lateral ven- LGE, lateral ganglionic eminence.
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LGE MGE A B tricle tend to migrate to the striatum, pallidum and neocortex, while LGE cells migrate predominantly into the striatum and olfactory bulb (33) . In a more recent study, Stühmer et al. (37) have shown that all cortical GABAergic neurons in the adult mouse brain are derived from cells that express the Dlx genes. This finding suggests that the vast majority, if not all, GABA-containing neurons in the mammalian cortex are derived from progenitors in the ventral telencephalon. Neurons of the ganglionic eminence destined for the developing cerebral cortex express the LIM homeobox gene Lhx6 (32, 38) . In the later stages of corticogenesis and in postnatal life, Lhx6 has been found to be expressed in cells scattered throughout the cortical thickness. Although double-labeling experiments have not yet been conducted, the distribution of these cells resembles that of the GABA-containing neurons (Alifragis P and Parnavelas JG, unpublished observations), suggesting that cortical interneurons express Lhx6 during corticogenesis and in later life. LIM homeodomain transcription factors have been previously implicated in neurotransmitter expression (39) , and it may be that the expression of GABA in cortical interneurons is under the control of Lhx6.
The molecular mechanisms that guide the migration of interneurons from the ganglionic eminence, around the corticostriatal notch and into the neocortex are unknown. What signals trigger the migration of these neurons? A number of factors have been shown to stimulate motogenic activity in neural and non-neural tissues. One of these molecules, hepatocyte growth factor/scatter factor (HGF/SF), and its receptor MET have recently been shown to be important in the migration of cortical interneurons. Disruption of the normal expression of HGF/SF appears to result in undirected scattering of cells from the ganglionic eminence and in a significant reduction of interneurons in the cortex at the time of birth (40) . Recent studies have demonstrated that interneurons destined to populate the cortex express neuropilin1 and neuropilin2, which enable them to respond to chemorepulsion produced by class 3 semaphorins in the striatal mantle (41) . Further, it appears that the repulsive activity of semaphorins in the developing striatum would create an exclusion zone for migrating cortical interneurons and channel them into adjacent paths, leading to the formation of MZ-and IZ-migratory routes.
Little is known about the substrates used by interneurons to reach the cortex, but their tangential migration appears largely independent of interactions with radial glia. However, a close association has been observed between tangentially oriented cells and corticofugal axons, predominantly in the IZ and MZ of the developing cortex (42), suggesting that interneurons may use this axonal system as a scaffold for their migration into the cortex. Earlier studies had suggested that axons can provide a substratum for nonradial migration in the developing CNS including the cerebral cortex (43, 44) . Recent studies (45) have provided evidence that the neural adhesion molecule TAG-1, a member of the immunoglobulin superfamily present on corticofugal fibers, serves as a substrate upon which GABAergic interneurons migrate. Blocking TAG-1 function in cortical slices with anti-TAG-1 antibodies or soluble TAG-1 protein results in marked reduction of migrating GABAergic interneurons (45) .
If tangentially migrating neurons use the corticofugal system to enter the neocortex, how do they integrate into specific layers with their pyramidal counterparts? Using time-lapse imaging of cortical slices together with tracer-labeling techniques, Nadarajah et al. (46) have shown that interneurons arising in the ventral telencephalon actively migrate towards the cortical VZ upon reaching the dorsal telencephalon, a mode of movement that has been termed ventricle-directed migration. After a pause in this proliferative zone, they migrate radially in the direction of the pial surface to take up positions in the developing CP (Figure 3) .
Earlier birthdating studies (47) and more recent transplantation studies (48) have demonstrated that, similar to pyramidal cells, cortical interneurons are disposed in an inside-out pattern within the CP. How is it that two neuronal types generated in two distinct regions of the developing brain, the pallium and subpallium, and shown to follow different migratory paths, can assemble in the cortex in a way that they are linked temporally and spatially? Nadarajah and colleagues (46) have proposed that cortical interneurons follow ventricle-directed migration actively seeking the VZ in order to obtain the type of positional information that the pyramidal cells acquire prior to becoming postmitotic. These cues may be obtained from the local environment or from the pyramidal cells themselves through neural-neural interactions. The mechanism that guides interneurons to the VZ before they move to the positions in the developing cortex is not known, but a combination of chemoattractant (e.g., semaphorins) and chemorepellent (e.g., Slit) molecules may be involved. Figure 3 . Time-lapse sequence of a cell undergoing ventricle-directed migration in an acute mouse cortical slice labeled with Oregon Green BAPTA-1 488 AM. The arrows point to the tip of the leading process of the cell as it rapidly advances towards the ventricular surface (bottom). The arrowheads point to a growing trailing process that will later become the leading process as the cell changes direction and moves towards the pial surface. Images were collected every minute and each frame shown here is a single optical section. CP, cortical plate; IZ, intermediate zone; VZ, ventricular zone; t, time. Scale bar, 20 µm.
